The effect of hydraulic retention time (HRT) and seasonality on the removal efficiency of 26 23 organic microcontaminants from urban wastewater was studied in two pilot high-rate algal ponds 24 (HRAPs). The targeted compounds included pharmaceuticals and personal care products, fire 25 retardants, surfactants, anticorrosive agents, pesticides and plasticizers, among others. The pilot 26 plant, which was fed at a surface loading rate of 7-29 g of COD m
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Abstract 22
The effect of hydraulic retention time (HRT) and seasonality on the removal efficiency of 26 23 organic microcontaminants from urban wastewater was studied in two pilot high-rate algal ponds 24 (HRAPs). The targeted compounds included pharmaceuticals and personal care products, fire 25 retardants, surfactants, anticorrosive agents, pesticides and plasticizers, among others. The pilot 26 plant, which was fed at a surface loading rate of 7- while the HRT effect on microcontaminant removal was only noticeable in the cold season. Our 32 results suggest that biodegradation and photodegradation are the most important removal pathways, 33 whereas volatilization and sorption were solely achieved for hydrophobic compounds (log Kow>4) 34 with a moderately high Henry's law constant values (11-12 Pa m -3 mol -1 ) such as musk fragrances. 35 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 internal diameter of 0.15 m, a total height of 0.3 m and an effective volume of 3.5 L that were 120 operated at an HRT of 0.7 and 1.4 h for the HRAP set at 4 days HRT and 8 days, respectively. Note 121 that these settlers were only used for biomass separation, which was not recycled back to the 122 HRAPs. 123 124
Sampling strategy 125
Two sampling campaigns were carried out, one in July 2013 (warm season) and the other in 126
December 2013 (cold season). In each campaign, influent and effluent grab samples were collected 127 from both HRAPs at the same time each day (9:00 am) for a period of 10 days (n=8), from Monday 128 to the Wednesday of the next week, Saturday and Sunday were not sampled. The samples were 129 collected in the primary effluent from the settler and at the effluent from both HRAPs (Fig. 1) . No 130 rainfall events were recorded at any time during the sampling period. All water samples were 131 collected in 1000 mL amber glass bottles, which were transported under refrigeration to the 132 laboratory, where they were stored at 4 ºC until analysis. The sample holding time was less than 12 133 hours. 134 135
Analytical procedures 136
Conventional wastewater quality parameters, including ammonium nitrogen (NH 4 -N), total 137 suspended solids (TSS) and chemical oxygen demand (COD), were determined using the Standard 138
Methods (APHA, 2001 ). Onsite measurements of water temperature, dissolved oxygen (DO) and 139 pH were taken using a Checktemp-1 Hanna thermometer, an Eutech Ecoscan DO6 oxygen meter 140 and a Crison pH-meter, respectively. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 For each campaign, 2 well-mixed 25 mL samples from each HRAP were examined by light 142 microscopy and the predominant microalgae were identified and quantified. Microalgae genus were 143 identified from classical specific literature [17, 18] . 144
All water samples were filtered and processed as previously reported (Matamoros and Bayona, 145 2006). A 100 mL sample was spiked with 50 ng of a surrogate standard (atrazine D5, mecoprop D3, 146 tonalide D3, and dihydrocarbamazepine). The spiked sample was percolated through a previously 147 activated polymeric solid-phase extraction cartridge (200 mg Strata X). Elution was performed with 148 10 mL of hexane/ethyl acetate (1:1). The eluted extract was evaporated under a gentle nitrogen 149 stream until ca. 100 μL remained, at which point 20 ng of triphenylamine was added as an internal 150 standard. Finally, the vial was reconstituted to 300 μL with ethyl acetate. 151
The TSS collected in the glass fibre filters (0.7 μm) were processed according to a previously 152 reported analytical method [19] . Briefly, the filters were freeze-dried and extracted in an ultrasonic 153 bath with hexane/acetone (3:1) for 15 minutes. The extracts were then further processed as water 154
samples. 155
Methylation of the acidic carboxyl group was performed in a hot GC PTV injector (270 ºC) by 156 adding 10 μL of TMSH solution (0.25 mol L -1 in methanol) to a 50 μL sample before injection. 157
Derivatized samples were analysed into a Bruker 450-GC gas chromatograph coupled to a Bruker 158 320-MS triple quadrupole mass spectrometer (Bruker Daltonics Inc., Billerica, MA, USA) fitted 159 with a 20 m × 0.18 mm, 0.18 μm film thickness Sapiens X5-MS capillary column coated with 5% 160 diphenyl 95% dimethyl polysiloxane from Teknokroma (Sant Cugat del Vallès, Spain) operated in 161 the multiple reaction mode (MRM). Validation of the analytical methodology has been described 162 elsewhere [20] . The limit of detection (LOD) and limit of quantification (LOQ) of the analytical 163 methodology were determined (using ultra-pure water) based on the mean background noise plus 3 164 or 10 times the standard deviation of the background noise, respectively. The LOD and LOQ ranged 165 from 1 to 40 ng L -1 and from 3 to 80 ng L -1 , respectively. Recoveries and repeatability were always 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   8 higher than 80% and lower than 20%, respectively. 167 The experimental results were statistically evaluated using the SPSS v.13 package (Chicago, IL, 182 USA). According with the data set size, non-parametric statistics were applied. The comparison of 183 means was conducted by means of the Kruskal-Wallis test. Spearman's coefficients were used for 184 correlations between variables (physicochemical parameters, removal efficiencies and influent 185 concentration). Significance was defined as p < 0.05 .  186   187   188   189 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 
Results and Discussion 191

Assessment of conventional water quality parameters 192
The HRAPs' performance was monitored in warm and cold seasons (Table 1) (Table 1) . Biomass concentration was slightly higher in the 212 HRAP with a HRT 8 days where lower flow-rate gave place to less biomass wash-up, as already 213 observed in other studies [22, 25, 26] . Despite this, biomass production was higher in the HRAP 214 operated at a HRT of 4 days, in these systems biomass production usually increases inversely with For this study, we selected the emerging contaminants with the highest concentrations that are most 238 often detected in raw wastewaters [31] . The concentration of EOCs in HRAP influent (primary 239 effluent) ranged from undetected to 24 μg L -1 (Fig. 2) . Caffeine, acetaminophen and ibuprofen were 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 usually detected at concentrations higher than 9 μg L -1 , in keeping with the reported literature [32] . 241
Although the influent COD showed a high seasonal variability (Table 1) , the concentration of the 242 studied EOCs showed no statistically significant seasonal difference (p=0.84). This may be 243 explained by the presence of a primary treatment that favours a more constant influent wastewater 244
in terms of quality, as can be seen in the low variability of the EOC concentrations (Fig. 2 ). 245 Table 2 shows the removal efficiencies of the target EOCs. They can be classified into four groups 246 in accordance with the corresponding overall average removal efficiency in the HRAPs: high 247 removal (>90%: caffeine, acetaminophen, ibuprofen, methyl dihydrojasmonate and hydrocinnamic 248 acid), moderate-to-high removal (from 60% to 90%: oxybenzone, ketoprofen, 5-249 methyl/benzotriazole, naproxen, galaxolide, tonalide, tributyl phosphate, triclosan, bisphenol A and 250 octylphenol), moderate-to-low removal (from 40 to 60%: diclofenac, benzotriazole, OH-251 benzothiazole, triphenyl phosphate, cashmeran, diazinon, benzothiazole, celestolide, 2,4-D and 252 atrazine) and poor or no removal (<40%, carbamazepine, methyl paraben, tris(2-chloroethyl) 253 phosphate). 254
Taking into account the configuration of the HRAPs, the most relevant removal processes that may 255 occur in these systems can be biodegradation, photodegradation, volatilization and sorption to 256 microalgae biomass. Uptake by microalgae is an important removal process, and it was assessed by 257 analysing the occurrence of EOCs in the TSS (solids retained in the filters). Table 1 
in the 258
Supplementary Material (SM) shows that the most abundant compounds in the biomass (mostly 259 microalgae) were the most hydrophobic ones, such as galaxolide and tonalide (log Kow>5). Hence, 260
HRAPs may remove hydrophobic compounds by sorption, similarly to other wastewater treatment 261 technologies such as constructed wetlands (CWs) and activated sludge systems [33, 34] . Despite the 262 higher concentration of TSS in the HRAPs during the warm season, due to the greater biomass 263 production and evaporation losses (Table 1) , the concentration of musk fragrances in the TSS was 264 higher in winter. Therefore, it may be postulated that the increase in biomass (microalgae ,1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   12 heterotrophs and non-photosynthetic autotrophs organisms) improved the biodegradability of these 266 compounds or that the higher sunlight irradiation and temperatures in warm season improved the 267 volatilization rates. This is in keeping with the moderate biodegradability found for musk fragrances 268 (>75%) in lab-scale activated sludge reactors [35] and the tabulated high Henry's law constants (a 269 measure of air-water partitioning) for musk fragrances (11-12 Pa m -3 mol -1 ). The occurrence of most 270 of the studied EOCs in the filters was below their LOD. This may be due to the fact that these EOCs 271
were not uptaken by microalgae or because they were removed by microalgal metabolism. A 272 microalgae removal effect due to the release of exudates likewise cannot be disregarded [36] . In 273 fact, it has been proved that the consortia of cyanobacteria/microalgae and bacteria can be efficient 274 in detoxification of organic and inorganic pollutants, and removal of nutrients from wastewaters, 275 compared to the individual microorganisms. Cyanobacterial/algal photosynthesis provides oxygen 276 and organic exudates that serves to the pollutant-degrading heterotrophic bacteria [37] . 277
The overall average removal efficiencies of the studied EOCs were plotted against their 278 physicochemical properties (log Kow, molecular weight (MW) and Henry's law constant) as is 279 shown in Fig. 1 certain compound concentration before microbial degradation is stimulated. Nevertheless, this 288 general rule must be applied with care and further work is necessary in this field. 289
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Effect of hydraulic retention time (HRT) 306
HRT is a key design parameter for achieving proper removal efficiency of biodegradable organic 307 contaminants from wastewaters engineered natural treatment systems such as constructed wetlands 308 and waste stabilization ponds [32] . In fact, it has already proved that EOC removal in engineered 309 natural treatment systems and activated sludge WWTPs increases as HRT increases due to the 310 increase of biodegradation and sorption processes [33, 41] . No significant differences in their 311 performance were observed between HRTs in the warm season (p>0.05), but significant differences 312 were found in the cold season for those compounds that has already been described in the literature 313
[41] as been removed by biodegradation (i.e. caffeine, 4%; ibuprofen, 7%; methyl 314 dihydrojasmonate, 5%; oxybenzone, 13%; naproxen, 8% and triphenyl phosphate, 44%), 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 photodegradegradation (i.e. ketoprofen; 25% and triclosan, 20%) and sorption or volatilization (i.e. 316 galaxolide, 24% and tonalide, 16%). As already noted, conventional water quality parameters such 317 as COD and NH 4 -N behaved similarly. From these results, it can be postulated that biodegradation, 318 photodegradation, sorption and volatilization removal mechanism were likely affected by the 319 increase of HRT in the cold season. García-Rodríguez et al. [40] reported that biological wastewater 320 treatment technologies for removing EOCs are highly dependent on HRT because it enhances 321 biodegradation, photodegradation and sorption removal processes. In general, the higher the HRT, 322 the greater the EOC removal efficiency. However, our results suggest that an HRT of 4 days is 323 enough to remove most of the compounds in both seasons. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 in the warm season may explain these differences. It should be noted that the effect of seasonality 344 on the pollutant removal performance of this technology for the most abundant compounds was low 345 (around 10-20%) or null (i.e. for caffeine, acetaminophen, ibuprofen and methyl dihydrojasmonate). 346
In Table 2SM . When more than one EC50 value was reported for a single compound, 363 the lowest value was used. When no experimental values were available, the EC50 values were 364 estimated with ECOSAR v1.10 (EPI Suite software, US EPA). 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16 Fig. 3 shows the individual HQ for each of the studied EOCs in the HRAP influent and effluent 366 water samples. As the difference between the EOC removal efficiencies at both of the studied HRTs 367 was minimal, the risk assessment was only performed at an HRT of 4 days (under the most critical 368 operating conditions). Acetaminophen, ibuprofen and oxybenzone exhibited higher HQs in influent 369 wastewater samples (HQ>1), mainly due to their high concentration. Following the treatment in the 370 HRAP system, all of the studied EOCs had an HQ<1. The most relevant compounds in the treated 371 wastewater effluents, apart from those observed at the influent, were triclosan and galaxolide. argued that triclosan should be seriously considered as a candidate for regulatory monitoring and 376 prioritization on a European scale on the basis of realistic PNECs. 377
As previously described by various authors, HQs should follow an additive model [6] . Hence, the 378 final HQ for each water sample can be calculated as the sum of each individual HQ. The cumulative 379
HQs for the influent wastewater samples were 8.45 and 6.20 for the summer and winter campaigns, 380 respectively. However, they fell 93% (warm season) and 72% (cold season) following the treatment 381 with the HRAPs. Consequently, in summer the cumulative HQ was less than 1 (0.62), whereas in 382 winter it was significantly higher (HQ=1.73). These results are in keeping with the high reduction in 383 acute toxicity achieved by other biological wastewater treatment technologies, such as CWs [50] . 384 Nevertheless, this ecological risk assessment was only performed for the target EOCs; therefore, 385 further studies may be needed to include other EOCs and related transformation products. 386 387
Conclusions 388
This study has shown that microalgae-based wastewater treatment systems (such as HRAPs) enable 389 the removal of a wide range of EOCs from urban wastewater. Removal efficiency ranged from none 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 to up to 99%. The EOCs were classified into four groups in accordance with their average removal 391 efficiency in HRAPs: high removal (>90%: caffeine, acetaminophen, ibuprofen, methyl 392 dihydrojasmonate and hydrocinnamic acid), moderate-high removal (from 60% to 90%: 393 oxybenzone, ketoprofen, 5-methyl/benzotriazole, naproxen, galaxolide, tonalide, tributyl phosphate, 394 triclosan, bisphenol A and octylphenol), moderate-low removal (from 40 to 60%: diclofenac, 395 benzotriazole, OH-benzothiazole, triphenyl phosphate, cashmeran, diazinon, celestolide and 396 atrazine) and poor or no removal (<30%, carbamazepine, benzothiazole, methyl paraben, tris(2-397 chloroethyl) phosphate, and 2,4-D). The removal of emerging contaminants in HRAPs was only 398 affected by the HRT during the cold season, whereas no differences where observed in the warm 399 season. The most frequently occurring compounds (caffeine, acetaminophen and ibuprofen) had 400 removal efficiencies of up to 90% that were minimally affected by seasonality and HRT. The 401 ecotoxicological risk assessment study revealed that the HQ for the influent wastewater was 402 removed by up to 90%, indicating no acute toxicity risk associated with the studied EOCs at the 403 water effluents. 404 405
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EOCs have been sorted by their abundance in Fig. 2 Removal effiiceny (%) ; log Kow; Henry's Law constant in Pa m -3 mol -1 ).
